Introduction
Although the instrumentation in nuclear magnetic spectroscopy has made significant progress in recent years, the need for improvement in the sensitivity remains for many applications in chemistry and other fields. There are numerous methods for increasing sensitivity; for example, the sensitivity can be increased considerably by increasing the achievable signal-to-noise ratio by employing higher magnetic fields, lower temperatures, larger samples, or optimum filtering of the signal output of the spe.ctrometer. The sensitivity enhancement·. can be performed quite effectively under certain conditions by using the method of time averaging 1 -3 )' and the application of Fourier transform techniques 4 ). These approaches to the problem of sensitivity enhancement and the related improvement in signal-to -noise ratio have been exploited to good advantage in spectrometer design, and the practical and theoretical limitations of it are well understood in most cases.
Since the noise performance of the spectrometer input stage is the basic limiting factor in the sensitivity of a spectrometer, one promising approach to the problem of the sensitivity improvement is the optimization of the probe assembly for a particular experiment and utilization of a very-low -noise high-frequency preamplifier. In the past the application of a very-low -noise preamplifier to the design of spectrometer was made difficult due to the unavailability of convenient electronic tubes or semiconductor components with appreciable gain in the frequency band from 10 to 100 MHz and with noise figures below 1 db.
Recently, however, microwave space-charge planar tubes with verylow-noise properties and other favorable electrical characteristics have •   -3-UCRL-16917 become available, and appear to be suitable for inclusion in preamplifiers.
The use of microwave space-charge planar tubes as large-signal amplifiers were designed and described by Morton and Ryder 5 ) in 1950.
Their small signal performance for broadband use over a wide range of frequencies was investigated and described by VanOhlsen 6 ) in 1954.
Primas, Arndt, and Ernst?) described in 1960 the first application of an older type of planar tube in a preamplifier of a high-resolution spectrometer. They achieved a noise figure less than 2 db. More recently there have been considerable efforts in the development of this device -with respect to high-frequency very-low-noise applications; the result has been a great number of commercially available types.
Application of presently available semiconductor components in low -noise high-frequency preamplifiers is limited only to special cases because of their inferior noise performance compared with planar hightransconductance electron tubes, and because of the increasing complexity in preamplifier design for achieving a high amplification stability needed in high-resolution spectrometers.
From a relatively large number of presently available types of microwave planar tubes, planar triodes are chosen for consideration, since they have better noise performance than any multigrid tube.
Multigrid tubes, which have two or more electrodes at positive potential, are basically noisier than any triode structure because of the presence of partition noise.
The purpose of this paper is to investigate the low -noise planar triode with respect to its application in very-low-noise preamplifiers for high-resolution nuclear magnetic resonance spectrometers.
Alt~gh microwave planar triodes were originally designed for largesignal application for frequencies up to 5 GHz, there has been considerable interest in their application as small-signal low -noise amplifiers over a range of lower frequencies from 10 to 100 MHz. The preamplifier circuit developed is based on a cascode amplifier circuit proposed by Wallman, Macnee, and Gadsden 8 >. Of the nine possible ways of cascading two tubes this arrangement has been shown theoretically and experimentally to be the best one with respect to noise figure, stability, and gain. The cascode preamplifier configuration provides stability and gain of pentode, ·and low-noise figure of the first triode.
Noise in microwave planar triode
The basic noise sources of importance in the design of very -lownoise high-frequency preamplifiers using space-charge planar triodes are shot noise and induced grid noise. Shot noise is the fluctuating component of plate current caused by random variations in the cathode emission rate. It can be presented, in the case of space -charge -limited plate current, as a current noise generator in parallel with the plate B);
where fJ is a factor which in most practical cases is nearly equal to its asymptotic value of 0. 655; a is related to the amplification factor, electrode spacing, and depends slightly on electrode potentials, and generally has a value between 0.5 and 1. 0; K is Boltzmann's constant, where factor B varies from 2 to 3. 5 depending on the geometric configuration and dimensions of the tube electrodes, Equation ( 5) indicates that equivalent noise resistance can be reduced by increasing transconductance. For modern planar triodes the transconductance is between 15 000 and 60 006 fJ.mhos, and accordingly the equivalent noise resistance can be as small as 40 ohms.
Induced grid noise is generated by fluctuations in the number of current pulses induced in the grid circuit by the passage of electrons between grid wires. At the higher operating frequencies induced grid noise is the limiting factor in very-low-noise preamplifier design.
According to the North and Ferris theory 8 ) it can be approximately represented by a current noise generator in parallel with the grid
The value of quantity f3 ·is a function of the cathode temperature as well as certain geometrical factors, and it is usually .taken as 5. The low-noise preamplifiers is that the tube planar structure is far less sensitive to mechanical vibration of any kind than any other conventional tube structure; Consequently, amplitude and frequency-modulation effects in nuclear magnetic resonance preamplifiers due to microphonics have been considerably reduced.
Noise figure of preamplifier
The equivalent noise representation of the cascode preampbfier 1s given in Fig. 1 . The overall noise figure of the amplifier is given by (6) where F 1 and A 1 are the noise figure and available power gain of the first stage, respectively, and F 2 the noise figure of the second stage.
The noise figure of the first stage is given by the relation 8 )
where 
UCRL-169i7 are input losses, input conductance due to transit-time effect, equivalent noise resistance, and input susceptance respectively, for the second tube.
On the assumption that the output conductance of the groundedcathode tube is i/r pi and that fl.» i, Eq. (9) can be written in the form
If relations (7), (8), and (iO) are used, Eq. (6) The optimum source conductance of the planar tube itself, neglecting the ohmic losses across the input of the tube, is
1nce or p anar L·u es 1n t e most practlca cases R" >> T, t e optleq mum source conductance at the midband will be approximately given by 
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Application of the approximation equations (15) and (16) From the curves given in Fig. 2 it can be concluded that the variation in minimum noise figure for the particular ratio of the nonoptimum conductance of G 1 = 10 mho the optimum source conductance increases to 1.6 mmhos at 10 MHz and to 4.3 mmhos at 100 MHz. From these data, it can be seen that the input-loss conductance has a larger influence on optimum source conductance at the lower frequencies than at the higher frequencies in the 10-to 100-MHz frequency band.
Circuit description
The preamplifier circuit developed with planar triodes and based on a parallel cascode configuration is shown in Fig. 5 . •. duced grid noise of planar triodes, and possible benefit from it for a further reduction in noise figure, it has been experimentally found that in the 10-to 100-MHz frequency band the correlation is so small that it cannot be detected by the noise-figure measurement methods used here. This is probably due to two factors: The planar triode preamplifier can be used in the fringe magnetic fields of a spectrometer magnet, provided that the proper orientation of planar tube structure is observed. It was found experimentally, however, that higher magnetic fields can cause an increase in preamplifier output noise power unq.er particular conditions. This is due to the magnetic field's upsetting the beneficial effects of the space -charge reducing the shot noise.
Because of the small amount of shot noise of planar triodes, they can also be successfully applied in nuclear resonance absorption experiments as an active element in marginal osCillator circuits, where intrinsic noise of the oscillator is often very important in resonance signal detection and observation.
Due to the microwave planar triodes' loW' narrow-band absolute noise fi'gure, they can be suggested for inclusion in wide -band low -noise preamplifiers, since the wide-band average noise figure will also be small in frequency regions where flicker noise can be neglected. ....... ,_,._ --..J
